To make sure that CO 2 is safely and securely stored in the reservoir, only way for us to know is to monitor the injected CO 2 . In most of the injection sites, monitoring is conducted to understand the behavior and distribution of CO 2 . Also we need to estimate the volume of CO 2 quantitatively. In order to estimate the quantitative volume, we need to compute the volume from physical parameter like P-wave velocity or resistivity. For the P-wave velocity, recent studies show the way of computing saturation using Gassmann's theory. But due to the study of Nagaoka, response of P-wave velocity becomes weak in high saturation. Because of the CO 2 saturation more than 40% happening in the reservoir, seismic survey needs to be supplied by another theories. In this study we selected resistivity monitoring to overtake the weakness of seismic monitoring. By conducting series of resistivity measuring experiment of laboratory scale, we considered the saturation computing equation which can be thought as a formula to calculate CO 2 saturation in the field. By using these equations computation of CO 2 saturation in Nagaoka was conducted. By comparing several equations which can be thought to estimate the CO 2 saturation in field data, we suggested a simple equation formed by resistivity and shale volume. By using this suggested equation, computational result showed good match to the estimated saturation computed from neutron porosity.
Introduction
For the CO 2 geological sequestration, monitoring of CO 2 will be important. One of the reasons of importance is for safety. By understanding the behavior of CO 2 we can manage the operation of CO 2 injection. Also by visualizing the CO 2 we can know that CO 2 is stored securely and safely in the reservoir. But in the near future quantitative evaluation of the injected CO 2 might be one of the most important reasons due to the implementation of emission trade. In EU countries, emission trades are already in effect.
For the monitoring methods, seismic monitoring is the main stream in CO 2 sequestration. Most of the monitoring results shown by the CO 2 injection projects are using seismic. Due to these results, as shown in seismic section in Sleipner or tomography in Nagaoka etc., usefulness of seismic monitoring are shown, but when considering the quantitative value of injected CO 2 , seismic monitoring are not enough. Result of Nagaoka Pilot injection project shows the weakening response of P-wave velocity due to the increase of CO 2 saturation. When saturation becomes more than 20 %, variation of P-wave velocity becomes weak to estimate the injected volume quantitatively.
In this study, we focused on resistivity measurement to overtake the weak point of seismic monitoring. By considering the use of resistivity, we carried out some analytical studies to estimate the CO 2 volume quantitatively from the induction logging data of Nagaoka.
For the first step of this study, series of laboratory experiments were conducted. In this laboratory experiments, resistivity measurement was used to consider the saturation and equations to estimate the saturation quantitatively. Experiment was conducted using Berea sandstone and Tako sandstone. Resistivity variation due to the injection of CO 2 was measured. Using this measured result, Archie's equation and Resistivity Index (RI) was considered for quantitative estimation. The equation showed good match with the CO 2 saturation calculated from the injected CO 2 volume. This result showed the possibility of using resistivity in the field measurement.
Using these equations which was used in the analyses of laboratory experiment, logging data in Nagaoka was analyzed. Computational results showed the trend of CO 2 distribution in the depth direction but, less volume than the correct answer estimated from neutron porosity (NP) change. This was caused by the effect of clay contained in the matrix. By considering the clay effect using several existing equation, we suggested a simple equation to estimate CO 2 saturation in the reservoir using the RI. From the computational result using the logging data of Nagaoka, this equation showed good match to the saturation estimated from the NP change. Because of the fewer case studies using this equation, we suggested this equation as experimental equation for Nagaoka.
Need of resistivity measurement
Seismic monitoring for CO 2 sequestration showed great result in the previous studies. Seismic section of Sleipner showed the distribution and migration of CO 2 in the Utsira basin [1] . Also in Japanese pilot injection Project at Nagaoka, tomography was conducted to detect the migration of CO 2 . Result of the tomography of Nagaoka [2] showed the injected CO 2 clearly. From these results, usefulness and reliability of this technique are already shown.
But, result of the Nagaoka also shows the weakness of the seismic monitoring. In seismic theory, saturation is often computed by Gassmann's theory using the velocity of seismic wave. In Nagaoka, computed result of Gassmann's theory showed rapid decrease of P-wave velocity. Decrease continued till it reaches 20 % of CO 2 saturation. When CO 2 saturation increase over 20 % P-wave velocity become weak. Plot of the logging data matches this computed value. From this result, weakening response of P-wave can cause low reliable result in estimating of CO 2 saturation [3] . From the preceding studies, CO 2 saturation in the sandstone reaches to 40 ~ 60 % of the pore space, even in the reservoir at the field. Saturation ratio of 20 % is not enough to estimate the correct value of injected CO 2 quantitatively.
To takeover this weakness of seismic theory, resistivity method was considered. According to the result of logging conducted in Nagaoka site, resistivity change due to the CO 2 injection shows good match to the sonic data [4] . Resistivity is able to detect the CO 2 in the field as shown in the result. Another trend can be seen between the resistivity and sonic logging data. Variation of the resistivity continues in the later logging data comparing to sonic logging data. Resistivity might be much more sensitive in detecting CO 2 . These results from the field survey clearly show the need of resistivity measurement.
Experimental detail

Sample detail
In the laboratory experiment, Berea and Tako sandstone was used. We used these sandstones to consider the effect of structural difference. Berea sandstone is composed mainly by quartz. It includes less impurity. Berea sandstone has homogeneous structure and high permeability compare to Tako sandstone. The sample selected for the experiment had porosity of around 20 % and permeability of around 100 md.
Tako sandstone is composed mainly by quartz and feldspar. It also includes iron oxide which might affect the resistivity. Tako sandstone has much more impurity compare to Berea sandstone. The selected sample for this experiment was porosity of 28 %. Permeability of the sample was much lower than Berea. Tako sandstone has heterogeneous structure than Berea sandstone.
These sandstone samples were shaped into 5 cm diameter, 12 cm length core sample for the laboratory experiment. To this core sample, several electrodes were attached. For the current electrodes, flat electrodes shaped in 5 cm diameter were attached on both ends of the samples. For the measurement, ring shaped electrodes of 2.5 mm width were attached on the side of the samples in pitch of 2 cm. These electrodes were made by copper mesh coated with silver to avoid the corrosion due to the contact with acid.
After attaching the electrodes stainless end pieces were attached to both ends of the sample. Between the end piece and electrode, nylon mesh was inserted for insulation. End pieces were designed to smooth the injecting CO 2 . By using this end piece, CO 2 was injected equally from the inflow end of the sample.
Finally, sample was coated with silicone rubber. Thickness of the silicone rubber was about 5 to 10 mm. By coating the sample, electrode and sample will be isolated from surrounding oil and other parts of experimental equipment. Also leak of CO 2 and permeation of oil are avoided. Also by coating the sample with silicone rubber the effect of surface current was avoided. Silicone rubber glues to firm by the fact that it enters into the surface pore, does not make the opening on the sample surface. Figure 1 shows the process of making sample.
Experiment and equipment
Figure 2(a) shows the summary of experimental equipments. Three syringe pumps (for CO 2 , brine and oil), pressure vessel was set inside the thermostatic chamber. Experiment was conducted in this pressure vessel, simulating the reservoir condition of 1000 m depth. In this depth, reservoir condition becomes over the critical point of CO 2 , which is 31.1 degrees Celsius and 7.38 MPa. CO 2 will exist in supercritical phase in injected reservoir. Because of the special character of supercritical CO 2 (scCO 2 ), we need to figure the behavior in anticipated condition. Sample was enclosed in the vessel with fixed oil. By heating the vessel using rubber heater, sample was kept in experiment temperature and by compressing the fixed oil enclosed with the sample, confining pressure was kept in around 12 to 14 MPa during the experiment. Sample was saturated by brine adjusted to 1 ohm-m in 25 degrees Celsius, after vacuum pulling. Saturation condition was monitored by the variation of resistivity and pressure variation. After saturation, pore pressure was pressurized by compressing the brine till it reaches the experimental condition. On the same time, CO 2 was taken into the other syringe pump to pressurize and heat up till it reaches the experimental condition, which CO 2 becomes supercritical phase. Experiment was started after all the condition became stable. In Figure 3 , phase diagram of CO 2 and experimental conditions are shown. In this study, all of the experimental condition was in supercritical phase. Experiment was conducted in different temperature and pressure condition to consider the effect of condition difference, caused to the calculation of CO 2 saturation.
Measurement detail
Figure 4(b) shows the diagram of measurement system used in this experiment. For each syringe pump, personal computer was connected to record pressure, flow rate and remaining volume. Also for measurement of resistivity, equipment especially designed for resistivity measurement was used. This equipment was also connected to personal computer to control and record the measurement. The data for resistivity was measured in pitch of 3 minute, while rate of pump was recorded in pitch of 1 minute.
In the measurement, current was impressed in rectangular wave between the electrodes attached to the both end of the sample. Current was sent constantly in amplitude of 1 mA. Variation of voltage between each measurement electrodes was measured during the CO 2 injection.
Experimental result and saturation
resistivity variation of experiment
Figure 4(a) and Figure 4(b) shows the example of resistivity change in experiment of Berea sandstone and Tako sandstone. The increase of the resistivity is clearly shown in both figures. Zone 1 in the legends is the measurement zone in bottom side of the sample and Zone 4 is the top side of the sample. The change of the resistivity happens from the bottom side which is the injection side of the sample and migrates to the top side of the sample. For Berea sandstone change of resistivity continued for about 17 hours after starting injection and flow rate was about 0.04 ml/min. For Tako sandstone resistivity change continued for about 25 hours after starting injection. Flow rate was about 0.016 ml/min. Injection pressure for the experiment was kept constant in same pressure for both experiments. This difference of flow rate in same pressure shows the permeability of Tako sandstone lower than the permeability of Berea sandstone, in spite of higher porosity of Tako sandstone. Also other experiments were conducted in different conditions using Berea sandstones. We computed the saturation of each experiment to consider the 
Computation of saturation for laboratory experiment
For the resistivity method, Archie's equation is often used to compute the saturation. Archie's equation can be written in formula of,
where R and R w are resistivity of rock (measured resistivity) and brine, S w are the saturation of fluid, for the porosity and a, m, n for non dimensional parameter describing a constant, cementation factor and saturation exponent. From this equation saturation of CO 2 can be computed as equation (2). 
But for this equation, we need to estimate several parameters before computing saturation. Considering the heterogeneity of the reservoir, this equation has difficulty for computing the saturation in the reservoir. Rather than using the original Archie's equation, we suggested to use Resistivity Index (RI) [5] which relates to the Archie's second law. Because of the resistivity increase due to the CO 2 injection, saturation computed by the relation of partially and fully saturate can be considered. (3) which describes the RI, saturation can be computed only by using saturation exponent n . Equation (4) shows the formula to compute the CO 2 saturation from RI. original Archie's equation, there is high possibility of estimating CO 2 in random bedding plane which has different parameters.
Quantitative evaluation of CO 2 saturation from Nagaoka
CO 2 saturation of Nagaoka
Nagaoka injection site, located at Niigata Pref., Japan is the first pilot test injection site in Japan using onshore plant. CO 2 was injected to the reservoir at the depth of 1000 m. In this injection site, several monitoring survey were conducted to detect the injected CO 2 . From the recent study, saturation was estimated from neutron logging and sonic logging data (Xue et al.) . Also induction logging was conducted but still it is not used enough only because of less basic data to analyze.
In this study, this induction logging data was use to estimate the saturation volume in the reservoir. We compared the computational result with the saturation calculated by neutron porosity. equation (5) (c) equation (7) (d) equation (8) (e) equation (9) was used to compute the saturation.
shallow part of the first detected CO 2 . It also started to increase. In the 31 st survey the saturation volume of the CO 2 reached at 50 to 60 % of the pore volume. Comparing the two zones saturated by CO 2 , deeper zone showed higher saturation than the shallow zone.
Estimation of CO 2 saturation in the reservoir
Using equation (5), saturation from the induction logging data was computed. Figure 6(a) shows the saturation estimated from neutron porosity and Figure 6(b) shows the computational result using equation (5). Trend of increasing CO 2 was expressed well but the volume of saturation was estimated lower than the saturation estimated from neutron porosity.
Comparing the lithology of field and sample of laboratory experiment, the inclusion seems to affect the saturation computation. The stratum of actual field included the shale and the clay inside the reservoir sandstone vis-a-vis the sandstone sample which is used at the laboratory being pure. Because the Archie's equation only applying for clean sand stone, water saturation of reservoir including conductive material in matrix became high. To reduce the effect of clay and shale we considered few equations considering shale and clay effects. For example, we used Poupon's equation [6] . Also to consider and suggest the use of RI for saturation evaluation, deformation of formula using equation (4) was considered. Because of the good match of the trend, it seemed possible to correct the miss computed value using the volume of shale. In order to consider the effect of shale and clay, V sh computed from the gamma ray logging was used. Equation of V sh is written in formula of, min max min
where GR is the measured data, GR max and GR min is the maximum and minimum value of gamma ray logging. Poupon's equation also uses this value in the formula. Equation (6) shows the formula of Poupon's equation. Parameter b in this equation is non dimensional factor which takes value between 1 and 2. In this computation b=2 was used. Figure 6(c) shows the result. Distribution zone in the depth direction seems to match well but, the value of CO 2 saturation became in minus value. This happened because water saturation became more than 100%. Other equations considering the clay effect was also computed but, didn't match the saturation estimated from neutron porosity.
To deform the formula using RI, effect caused by the shale or clay was considered. When shale or clay which is conductive material is included, water saturation become higher than it is. This makes the CO 2 saturation lower. Due to this effect we suggested the first equation shown in equation (7). 
Because of the value of V sh which is between 0 and 1, attached part will show smaller value when containing more of shale or clay. The computational result is shown in Figure 6 (d). In this result maximum saturation of CO 2 saturation was higher than the estimated saturation of neutron porosity.
Second equation we suggested was equation (8). 
We considered the effect of sand matrix in the numerator. Comparing the effect of shale or clay and sand, effect of sand seems smaller than the shale and clay. Because of the value of (1-V sh ) also takes the value between 0 and 1, squaring the section of sand influence can lighten the effect caused by the volume of sand. Figure 6 (e) shows the result computed by this equation. Maximum value of CO 2 saturation matches well to the saturation estimated from the neutron porosity. Figure 7 shows the difference between computed values from the equation vs. saturation estimated from the neutron porosity. Figure 7(a) shows the difference of equation (5), (b) for equation (6), (c) for equation (7) 
Conclusion
In this study, possibility of resistivity measurement and estimation of saturation evaluation was suggested. In the experimental study, resistivity monitoring during the CO 2 injection was conducted. From this result, resistivity change due to the CO 2 injection was detected. Also the saturation calculation with Archie's equation and RI was considered. Both equations showed good match to the saturation volume estimated from the drainage of experiment. The arithmetic precision of these equations was showed. The equation of RI was computed only by using resistivity and saturation exponent n. From the fact that rise of the resistivity with injection of CO2 is reflected on saturation directly, the simplicity of the formula computed from RI reflects phenomenon well.
By using this RI, logging data of Nagaoka was analyzed. Because of the effect of shale and clay, Archie's equation and RI was not able to compute the correct saturation in the reservoir of Nagaoka. By considering the effect of shale and clay, computation was conducted using several equations, for example Poupon's equation. But because of the high saturation of brine calculated from these equations, saturation ratio was too small or even minus. To overtake this problem, we suggested a simple equation computed by combination of RI and V sh . This computational result showed best match compare to other equations, in spite of less parameter and simple equation. We suggested this equation for quantitative evaluation of CO 2 saturation, for easily computation 7. Reference 
